absence of miR-208, the expression of bMHC is severely blunted in the adult heart in response to pressure overload, activated calcineurin, or hypothyroidism, suggesting that the pathways through which these stimuli induce bMHC transcription share a common miR-208-sensitive component (Fig. 6 ). In contrast, bMHC expression was unaltered in the hearts of newborn miR-208 −/− mice, demonstrating that miR-208 participates specifically in the mechanism for stress-dependent regulation of bMHC expression.
A clue to the mechanism of action of miR-208 comes from the resemblance of miR-208 −/− hearts to hyperthyroid hearts, both of which display a block to bMHC expression, up-regulation of stress-response genes (29, 30) , and protection against pathological hypertrophy and fibrosis (31, 32) . The up-regulation of fast skeletal muscle genes in miR-208 −/− hearts also mimics the induction of fast skeletal muscle fibers in the hyperthyroid state (33) . T3 signaling represses bMHC expression in the postnatal heart, and PTU, which causes hypothyroidism, induces bMHC (2, 21) . The inability of PTU to induce bMHC expression in miR-208 −/− hearts further implicates miR-208 in the T3 signaling pathway.
Our results suggest that miR-208 acts, at least in part, by repressing expression of the TR coregulator THRAP1, which can exert positive and negative effects on transcription (34, 35) . The TR acts through a negative TRE to repress bMHC expression in the adult heart (2) . Thus, the increase in THRAP1 expression in the absence of miR-208 would be predicted to enhance the repressive activity of the TR toward bMHC expression, consistent with the blockade to bMHC expression in miR-208 −/− hearts. In contrast, the regulation of aMHC and bMHC expression during development is independent of T3 signaling (2) and is unaffected by miR-208. Notably, other TR target genes, such as phospholamban and sarco(endo) plasmic reticulum calcium ATPase 2a and glucose transporter 4 were expressed normally in miR-208 −/− mice ( fig. S7 ). It has been proposed that the bMHC gene may respond to specific TR isoforms (36) (37) (38) . Perhaps THRAP1 acts on specific TR isoforms or selectively on a subset of TR-dependent genes through interactions with promoter-specific factors. Because miRNAs generally act through multiple downstream targets to exert their effects, additional targets are also likely to contribute to the effects of miR-208 on cardiac growth and gene expression.
Relatively minor increases in bMHC composition, as occur during cardiac hypertrophy and heart failure, can reduce myofibrillar ATPase activity and systolic function (9) . Thus, therapeutic manipulation of miR-208 expression or interaction with its mRNA targets could potentially enhance cardiac function by suppressing bMHC expression. Based on the profound influence of miR-208 on the cardiac stress response, and the regulation of numerous miRNAs in the diseased heart (19), we anticipate that miRNAs will prove to be key regulators of the functions and responses to disease of the adult heart and possibly other organs. We demonstrate the difference between local, single-particle dynamics and global dynamics of entangled quantum systems coupled to independent environments. Using an all-optical experimental setup, we showed that, even when the environment-induced decay of each system is asymptotic, quantum entanglement may suddenly disappear. This "sudden death" constitutes yet another distinct and counterintuitive trait of entanglement.
T he real-world success of quantum computation (1, 2) and communication (3) (4) (5) (6) (7) (8) (9) relies on the longevity of entanglement in multiparticle quantum states. The presence of decoherence (10) in communication channels and computing devices, which stems from the unavoidable interaction between these systems and the environment, degrades the entanglement when the particles propagate or the computation evolves. Decoherence leads to local dynamics, associated with single-particle dissipation, diffusion, and decay, as well as to global dynamics, which may provoke the disappearance of entanglement at a finite time (11) (12) (13) (14) (15) . This phenomenon, known as "entanglement sudden death" (15) , is strikingly different from singleparticle dynamics, which occurs asymptotically, and has thus stimulated much recent theoretical work (11) (12) (13) (14) (15) ). Here we demonstrate the sudden death of entanglement of a two-qubit system under the influence of independent environ-ments. Our all-optical setup allows for the controlled investigation of a variety of dynamical maps that describe fundamental processes in quantum mechanics and quantum information.
Consider a two-level quantum system S (upper and lower states |e〉 and |g〉, respectively) under the action of a zero-temperature reservoir R. At zero temperature, the reservoir R is in the |0〉 R (vacuum) state, and the S-R interaction can be represented by a quantum map, known as the amplitude decay channel (1):
Under this map, the lower state |g〉 is not affected while the upper state |e〉 either decays to |g〉 with probability p, creating one excitation in the environment (state |1〉 R ), or remains in |e〉, with probability 1 − p. This would be the situation, for instance, in the spontaneous emission of a two-level atom. In this case, the state |1〉 R would correspond to one photon in the reservoir. Under the Markovian approximation, p = 1 − exp(−Gt), that is, the decay probability approaches unity exponentially in time. As an initial pure state a|e〉 + b|g〉 decays, it gets entangled with the environment, gradually losing its coherence and its purity over time. Complete decay only occurs asymptotically in time ( p → 1 when t → ∞), when the two-level system is again described by the pure state |g〉. Note that the map in Eq. 1 encompasses several other kinds of dynamics, which differ only by the time dependence of the parameter p. Now consider two entangled qubits that decay according to this map. How does the entanglement of the two-qubit system evolve? Does it mimic the asymptotic decay of each qubit, disappearing at t → ∞, or does it disappear at some finite time? This question has been explored theoretically (11) (12) (13) (14) (15) , but up to now there has been no experimental investigation of the relation between the global entanglement dynamics and the local decay of the constituent subsystems.
To answer these questions, one first needs a formal definition of entanglement. A two-qubit pure state is entangled, or nonseparable, if and only if the total state cannot be expressed as a product of the individual qubit states: |y〉 ≠ |f〉 1 ⊗|ϕ〉 2 . Likewise, a mixed bipartite state represented by a density matrix r is separable if and only if it can be written as a convex sum of products of individual density matrices: r = ∑ i p i r i , with 0 ≤ p i ≤ 1. A convenient measure of entanglement for a two-qubit state r is the concurrence C (16), given by
where
and the quantities l i are the positive eigenvalues, in decreasing order, of the matrix rðs y ⊗s y Þr * ðs y ⊗s y Þ ð 4Þ
where s y is the second Pauli matrix and the conjugation occurs in the computational basis {|00〉, |01〉, |10〉, |11〉}. C quantifies the amount of quantum correlation that is present in the system and can assume values between 0 (only classical correlations) and 1 (maximal entanglement). For the dynamics given by Eq. 1 and an initial state of the form |F〉 = |a||gg〉 + |b| exp(id) |ee〉, the entanglement decay dynamics depends on the relation between |a| and |b| (14) . Concurrence in this case is given by
From this expression, one can see that for |b| ≤ |a|, entanglement disappears only when the individual qubits have completely decayed ( p = 1), whereas for |b| > |a|, entanglement disappears for p = |a/b| < 1, which corresponds to a finite time. This phenomenon has been called "entanglement sudden death" (15) . Because the concurrence of the initial state ( p = 0) is C = 2|ab|, the entanglement dynamics of two states with the same initial concurrence can be quite different.
Photons are a useful experimental tool for demonstrating these properties and, more generally, for studying quantum channels like the one given in Eq. 1, as the decoherence mechanisms can be implemented in a controlled manner. Let us associate the H and V polarizations of a photon, respectively, to the ground and excited states of the two-level system S. The reservoir R in turn is represented by two different momentum modes of the photon. Figure 1A shows a Sagnac-like interferometer that implements the amplitude-decay channel 1 for a single qubit. A photon, initially in the incoming part of mode a, is split into its horizontal (H ) and vertical (V ) polarization components by a polarizing beam splitter (PBS1). Let us ignore the half-wave plates HWP1 and HWPC momentarily. The V-polarization component is reflected and propagates through the interferometer in the clockwise direction, and, if unaltered, reflects through PBS1 into the outgoing part of mode a. The H-polarization component is transmitted and propagates through the interferometer in the counterclockwise direction and transmits through PBS1, also into the outgoing part of mode a (17). The interferometer is aligned so that the two paths are spatially separated, making it possible to manipulate the H and V polarization components independently.
To realize the amplitude decay given in Eq. 1, we use HWP1 to rotate the polarization of the V component to cos(2q)|V 〉 + sin(2q)|H 〉, where q is the angle of HWP1. Suppose that an incoming photon is V-polarized. When this photon exits the interferometer through PBS1, it is transmitted into mode b with probability p = sin 2 (2q) and reflected into mode a with prob- Fig. 1 
Identifying the outgoing modes a and b (which correspond to orthogonal spatial modes) as the states of the reservoir with zero and one excitation, respectively, this operation is equivalent to that on the |e〉|0〉 R state in Eq. 1. An incoming H-polarized photon is left untouched, corresponding to the first line in Eq. 1. This process therefore realizes the amplitude decay channel and is identical to the decay of a two-level system. Half-wave plate HWPC, oriented at 0°, is used solely to match the lengths of the two optical paths. The path lengths are adjusted so that if HWP1 is oriented at 0°, the polarization state in mode a after the interferometer is exactly the same as the input state. Photons in modes a and b are then directed to the same quantum state tomography (QST) system (18), composed of quarter-wave plate QWP2, half-wave plate HWP2, and polarizing beam splitter PBS2, and then registered using a single-photon detector equipped with a 10-nm (full width at half maximum) interference filter and a 1.5-mm-diameter aperture. Mode b is recombined incoherently with mode a on PBS2, so that both modes can be detected with a single detector. This is achieved by assuring that the path length difference between modes a and b is greater than the coherence length of the photons, which is determined by the width of the interference filters (~0.1 mm). The half-wave plate HWP3, aligned at 45°, transforms H-polarized photons into V-polarized ones. Because PBS2 transmits H-polarization and reflects V-polarization, the combination of HWP3 and PBS2 reflects photons that were originally H-polarized. This assures that the QST performed is identical for both modes a and b.
Using the interferometer described above, we studied both the decay of a single qubit and the dynamics of two entangled two-level systems interacting with independent amplitudedecay reservoirs. In the experimental setup (Fig.  1B) , polarization-entangled photon pairs with wavelength centered around 884 nm were produced using a standard source (19) composed of two adjacent type-I LiIO 3 nonlinear crystals pumped by a 441.6-nm continuous-wave He-Cd laser. One crystal produces photon pairs with V-polarization and the other produces pairs with H-polarization. After propagation and spatial mode filtering, the H and V modes are spatially indistinguishable, and a photon pair is described by the pure state |F〉 = |a||HH 〉 + |b| exp(id) |VV 〉 with high fidelity. A half-wave plate and a quarterwave plate placed in the pump beam (Fig. 1B, left) allow the control of the coefficients |a| and |b| and the relative phase d of the state (19) .
The decay of a single qubit was investigated experimentally for both H-and V-polarized photons by generating states |VV 〉 and |HH 〉 and registering coincidence counts, with one photon propagating through the interferometer and the other serving as a trigger. The coincidence detection window (c × 5 ns~1.5 m) was larger than the path difference between outgoing modes a and b (~5 cm). Figure 2A shows P V (V ), P H (V ), P V (H ), and P H (H ) as a function of p, where P J (K) is the probability of finding an input K-polarized photon in the J state after the interferometer. The linear behavior in p is characteristic of exponential decay in t, if p = 1 − exp(−Gt).
For the investigation of entanglement dynamics, nonmaximally entangled states were produced and each photon was sent to a separate interferometer, which implemented an amplitudedamping reservoir, and then to a QST system. The half-wave plates HWP1 and HWP4 were set to the same angle q, so that the reservoirs, although independent, acted with the same probability p. QST of the two-photon state followed the usual recipe of 16 coincidence measurements (18) . Each measurement lasted 90 s, giving an average of about 250 coincidence events. We repeated the same procedure for different values of p, obtaining the tomographic reconstruction of the output two-photon polarization state in all cases. The concurrence was calculated using Eqs. 2 and 3. In all figures, horizontal error bars represent uncertainty in aligning the wave plates, and vertical error bars correspond to the standard deviations of Monte Carlo samples obtained from randomly generated counts following the statistics of the experimental data (20) . Figure 2B displays the concurrence and the quantity L, given by Eq. 3, as a function of the decay probability p, for two initial states that, although not pure, are very close to |F〉 = |a||HH〉 + |b| exp(id) |VV 〉: state I, defined by |b| 2 = |a| 2 /3 (triangles), and state II, defined |b| 2 = 3|a| 2 (squares). Tomography of the initial states I and II showed them to have the same concurrence (~0.8) and similar purity (~0.91 to 0.97). The theoretical curves were obtained by applying Eq. 1 to the experimentally determined initial states, which correspond to p = 0. For initial state I, entanglement disappears asymptotically, and the concurrence goes to zero only when both individual systems have decayed completely ( p = 1). For initial state II, however, the entanglement behaves very differently: The concurrence goes to zero for p < 1, thus demonstrating "entanglement sudden death." We stress that the onset of separability (C = 0) occurs at the same point for all entanglement quantifiers and is not a particular artifact of the concurrence.
It is also illustrative to study the purity, defined as trr 2 , as a function of the decay probability (Fig. 3) for states I and II. In both cases the purity reaches a minimum but is restored when p = 1, when all photons have "decayed" to the H-polarization state. State II is more mixed than state I in the intermediate stages of this process because it has a larger |VV 〉 component and thus becomes more entangled with the environment.
To further illustrate the usefulness of the present scheme for studying decoherence of entangled systems, we performed a second experiment studying the phase-damping channel, described by the map (1):
This map could represent elastic scattering between atom and reservoir. States |e〉 and |g〉 are not changed by the interaction, but any coherent superposition of them gets entangled with the reservoir. There is no longer decay, but only loss of coherence between ground and excited states.
The dephasing map can be implemented with the same interferometer through the addition of an extra HWP at 45°in mode b before the QST system (or, equivalently, through the removal of HWP3 and redefinition of the QST measurements). For the dephasing channel, pure states I and II present identical behavior, becoming completely disentangled only when p = 1. Figure 4 shows the concurrence (squares) and bipartite purity (triangles) as a function of p for the entangled state II.
In demonstrating the sudden disappearance of the entanglement of a bipartite system, induced by the interaction with an environment, our results show that entangled states with the same initial concurrence may exhibit, for the same reservoir, either an abrupt or an asymptotic disappearance of entanglement, even though the constituents of the system always exhibit an asymptotic decay. We have explicitly shown that this behavior also depends on the characteristics of the reservoir through two examples corresponding to amplitude decay and dephasing. The experimental setup represents a reliable and simple method for studying the dynamics of entangled systems interacting with controlled environments. The asymmetric a-addition of relatively nonpolar hydrocarbon substrates, such as allyl and aryl groups, to aldehydes and ketones remains a largely unsolved problem in organic synthesis, despite the wide potential utility of direct routes to such products. We reasoned that well-established chiral amine catalysis, which activates aldehydes toward electrophile addition by enamine formation, could be expanded to this important reaction class by applying a single-electron oxidant to create a transient radical species from the enamine. We demonstrated the concept of singly occupied molecular orbital (SOMO) activation with a highly selective a-allylation of aldehydes, and we here present preliminary results for enantioselective heteroarylations and cyclization/halogenation cascades.
Enantioselective Organocatalysis Using SOMO Activation
O ver the past four decades, the capacity to induce asymmetric transformations with enantioselective catalysts has remained a focal point for extensive research efforts in both industrial and academic settings.
During this time, thousands of asymmetric catalytic reactions have been invented (1), in accord with the increasing need for enantiopure medicinal agents and the rapid advancement of the field of asymmetric synthesis. Most catalytic enantioinductive processes are derived from a small number of long-established activation modes. Activation modes such as Lewis acid catalysis (2), s-bond insertion (3), p-bond insertion (4), atom transfer catalysis (5), and hydrogen bonding catalysis (6) have each spawned countless asymmetric reaction classes, thereby dramatically expanding the synthetic toolbox available to researchers in the physical and biological sciences. A necessary objective, therefore, for the continued advancement of the field of chemical synthesis is the design and implementation of distinct catalytic-activation modes that enable previously unknown transformations.
Over the past 8 years, our laboratory has been involved in the development of the field of organocatalysis, a research area that relies on the use of small organic molecules as catalysts for enantioselective transformations. As part of these studies, we introduced the concept of iminium catalysis (7): an enal or enone activation mode that lowers the energy of the substrate's lowest unoccupied molecular orbital, facilitating enantioselective C-C and C-N conjugate additions, cycloadditions, hydrogenations, and FriedelCrafts alkylations (8) . Simultaneously, Barbas and List (9) brought to fruition the concept of enamine catalysis (Fig. 1) , which raises the energy of the highest occupied molecular orbital (HOMO) in aldehydes and ketones to promote enantioselective a-carbonyl functionalization with a large range of electrophiles (10) . These two modes of catalyst activation (iminium and enamine) have provided, in total, more than 60 asymmetric methodologies over the past 7 years.
